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Insulin activation of red blood cell Nat'H exchange decreases
the affinity of sodium sites
ROBERTO PONTREMOLI, GIPAoLo ZERBINI, ALICIA RIVERA, and MITZY CANESSA
Endocrine-Hypertension Division, Brigham and Women's Hospital, and Department of Medicine, Harvard Medical School, Boston,
Massachusetts, USA
Insulin activation of red blood cell Na/H exchange decreases the
affinity of sodium sites. We have previously reported increased activity of
Na7H and Na/Li exchanges in red blood cells (RBC) of patients with
hypertension and diabetic nephropathy. The presence in human red blood
cells (RBC) of insulin receptors has led us to examine the effects of this
hormone on the kinetic parameters of Na/H exchange as a first
approach to define its mechanism of action. The antiporter activity was
measured as net Na influx driven by an outward H gradient in
acid-loaded, Na-depleted RBCs preincubated with or without (w/wo)
insulin (0 to 100 U/ml) for different time periods. The effects of insulin
on the H and Na activation kinetics of Na/H exchange were
examined in RBCs of normal subjects fasted for 12 hours. Insulin (50
U/ml for 1 hr) increased the Vmax from 28 6 to 49 8 mmol/liter cell
X hr (N = 10, P < 0.0005) and the Km for Na from 72 10 to 142 19
mM (N = 4, P < 0.05) but did not change the Km for intracellular H.
Insulin also increased the Vmax of Na/Li exchange at pH, 7.4 (0.34
0.03 to 0.45 0.04 mmol/liter cell >< hr, N 9, P < 0.005) as well as the
Km for Na (31 3 to 76 10 mt, P < 0.0003). Therefore, insulin can
modulate Na sites of Na'7Li or Na/H exchanges independent of the
occupancy of H sites to favor the release of bound Na into the
cytoplasm. Insulin stimulation of Na/H exchange required endogenous
cytosolic Ca2 levels. The kinetic effects of insulin on Na'iH and
NaThi exchanges were imitated by okadaic acid (300 rM), an inhibitor
of protein phosphatases which dephosphorylate serine-threonine residues.
Okadaic acid increased the Vmx of Na/H and Na/Li exchanges and
the Km for Na as insulin did. In conclusion, insulin stimulation of the
Nat/}f antiporter occurs by a novel kinetic mechanism leading to a
decreased affinity for external Na without changes in the affinity for H.
On the basis that insulin effects were imitated by okadaic acid, we
hypothesize that this hormone may increase the phosphorylated state of
serine-threonine residues of this antiporter protein.
We have previously reported increased activity of Na/Li and
NafH exchanges in red blood cells (RBC) of some but not all
patients with hypertension as well as in insulin-dependent diabet-
ics developing nephropathy [1—3]. The alteration of Na/Li
countertransport in hypertensive patients was confirmed in nu-
merous clinical and epidemiological studies [reviewed in 4].
Recent studies have documented that a fraction of the patients
with hypertension share the common biochemical abnormality of
insulin resistance and hyperinsulinemia with non-insulin depen-
dent diabetics [5—7]. These findings raised the question of whether
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elevated insulin levels play a role in the alterations of Na/H
exchange in the RBCs of hypertensive patients. It has been shown
that human RBCs possess insulin receptors with a well character-
ized tyrosine kinase activity [8, 9]. However, there is no report of
insulin action on a specific molecular target present in human
RBCs. Several studies have shown that insulin is an erythropoietic
growth factor which stimulates erythroid colony formation inde-
pendently of erythropoietin and platelet-derived growth factor
[10, 11]. Upon maturation of human reticulocytes, the number of
insulin receptors and the antiporter activity [12, 13] markedly
decrease as it happens with the activity of many membrane
transporters and cytosolic enzymes.
To define the mechanisms involved in the antiporter abnormal-
ities observed in RBCs of patients with essential hypertension, we
studied the kinetic effects of insulin on Na/H and Na/Li
antiporters. Kinetic studies of the transported ions have given
important information about the regulation of the Na/H
exchange by growth factors, angiotensin II, and PTH [14—16].
Even though very early studies in skeletal muscle cells docu-
mented that insulin activated Na/H exchange [17], we do not
know of any kinetic study of insulin activation of this antiporter.
An important question to be examined by studying the kinetic
effects of insulin on Na/H exchange is to define possible
mechanisms involved in the regulation of its turnover rate. Some
studies have hypothesized that insulin action might be mediated
by cytosolic Ca2. In rat adipocytes, insulin phosphorylates calm-
odulin and inhibits the membrane Ca2-activated ATPase activity
[18]. Inhibition of Ca2 pumping in vivo may lead to a raise in
cytosolic Ca2 levels and activation of Na/H exchange. In
BCH-3 skeletal muscle cells, insulin activates a Ca2-dependent
protein kinase C which in other cells stimulates Na/H exchange
[19].
The present study was designed to investigate the kinetic effects
of insulin on the H and Na activation of Na/H exchange and
to compare it with the effect of modifiers of its phosphorylated
state. We found that insulin markedly stimulates RBC Na/H
antiporter by a novel kinetic mechanism leading to a decreased
affinity for external Na without changes in the affinity for H.; the
hormonal effects were imitated by inhibition of serine-threonine
protein phosphatase by okadaic acid but not by a raise in cytosolic
Ca2t We propose that insulin activates the Na/H antiporter by
enhancing the phosphorylated state of distinct serine-threonine
residues.
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Methods
Subjects
Sixteen healthy subjects (9 males and 7 females, age 28 to 46)
from the research staff of our department volunteered for the
study. Blood samples were collected in the morning after an
overnight fast and the experiments performed within one hour.
All subjects had normal blood pressure and were not overweight
except one. Four subjects exercised regularly.
Preparation of RBCs
Blood samples were drawn into EDTA-containing tubes and
centrifuged at 3000 rpm for 10 minutes at 4°C. The plasma and
buffy coat were removed by aspiration and RBCs were washed
four times with ice-cold washing solution (CWS) containing (mM):
150 choline-Cl, 1 MgCI2, 10 Tris-MOPS, pH 7.4 (4°C). A 50% cell
suspension was made in CWS and hematocrit was measured after
centrifuging capillary tubes for 10 minutes in a micro-hematocrit
centrifuge. Aliquots of this suspension were diluted (1/50) with
0.02% Acationox detergent in double-distilled water for determi-
nations of hemoglobin by optical density at 540 nm, and Na and
K concentrations by atomic absorption spectrophotometry
(Perkin-Elmer 3030B).
Measurements of Na /H exchange activity
Na/H exchange activity was measured by determining the initial
rates of net Na influx when an outward H gradients was imposed.
The procedure has been described in detail in our article in
Method of Enzymology [20].
Modification of RBC Na content. The nystatin method was
used to bring cell Na to less than 2 mmol/liter cell to enhance the
precision of the net Na gain and avoid trans effect of Na.
Extensive details of this procedure were previously described
[20—22].
Modification of intracellular pH. RBCs were acid loaded to
different pH as previously described [2, 23—25]. Because human
RBCs have a powerful [Cl] 7[HCO1] exchanger, to clamp pH1 it
is necesary to block pH regulation by this transporter by addition
of DIDS. Briefly, RBCs (20% hematocrit) were incubated at 37°C
for 10 minutes in a media containing (mM): 170 KCI, 0.15 MgCl2,
0.1 ouabain, 0.01 bumetanide (dissolved in DMSO), 5.0 glucose,
and 20 Tris-MES (TRIS, Hydroxy-methyl-aminomethane; MES,
2-n-morpholinoethane sulfonic acid) adjusted to pH 5.8, 6.0, 6,3,
6.5, 6.8 and 7.0 at 37°C). Since intracellular acidification induces
cell swelling, the osmolarity was adjusted to 360 mOsm by varying
sucrose between 0 and 60 m and KCI between 150 and 170 mrvi.
Following the 10 minutes of preincubation, the anion exchanger
was blocked by addition of DIDS (100 xM, 4,4-diisothiocyanate-
stilbene-2,2 disulfonic acid) and of Methazolamide (200 /tM) to
block carbonic anhydrase. Then, the cells were incubated at 37°C
for 30 minutes and washed three times with ice-cold acid washing
solution (AWS) containing (mM): 170 KCI, 0.15 MgCl2, and 40
sucrose. After the final wash the cells were resuspended to
approximately 50% hematocrit with AWS and stored on ice until
used. Aliquots of the cell suspensions were used for determination
of hemoglobin, hematocrit, intracellular Na and K content.
The pH1 was determined with a pH electrode in a cell lysate made
with four volumes of 0.02% Acationox detergent and measuring
the pH of the lysate. Previous studies in our laboratory [22]
demonstrated that this procedure yields similar results that mea-
surements of the Cl1/Cl0 ratio. The cellular Na content was
determined by atomic absorption spectroscopy with suitable stan-
dards prepared in double-distilled and deionized water. The
cation content of acid loaded cells was expressed per liter of
original volume, as determined by relating the OD 540 nm of the
cell lysate to that of a known volume of RBCs. The cell volume
was estimated by comparing the hemoglobin/liter of the loaded
cells with that of the fresh cells.
Net Na + influx measurements. To study the pH1 activation of
Na7H exchange, the Na influx media (2 ml) contained (mM):
150 NaC1, 20 KC1, 0.15 MgCI2, 0.1 ouabain, 5 glucose, 40 sucrose
and 10 Tris-MOPS (pH 8.0 at 37°C, MOPS, 3-N-morpholino-
propane sulfonic acid) or 10 Tris-MES (pH 6.0 at 37°C), 360
mOsm. Notice that in the present studies we used physiological
concentrations of glucose in the media. To study the Na activa-
tion, the NaCI was replaced isosmotically by choline-Cl and the
Na concentration of all solutions was measured by atomic
absorption spectrophotometry. Acid loaded eiythrocytes were
suspended to 5% hematocrit in 2.0 ml of the Na influx media
(pH0 6.0 and pH0 8.0) at 37°C. At timed intervals (1.0, 6.0 and 11
mm for pH0 8.0, and 1.0 and 21 mm for pH0 6.0) duplicate
samples were taken out and placed in precooled Eppendorf tubes
containing 0.7 ml of a solution composed of (mM): 80 choline
chloride, 80 KC1, 0.25 MgCl2, 10 Tris-MOPS pH 7.4 at 4°C and 40
sucrose layered over 0.4 ml of dibutyl phthalate oil. The transport
reaction was terminated by immediately centrifuging at 14000 g
for 10 seconds at room temperature. The supernatants were
thoroughly removed by aspiration and the external surface of the
tubes wiped dry to avoid Na contamination. The bottom of the
tube, containing the cell pellet, was then cut off and placed into a
1 ml of 0.02% Acationox to lyse the cells. The cell lysates were
vortexed vigorously, centrifuged at 2000 g for five minutes at 4°C.
The hemoglobin concentration was determined after diluting the
lysate with 0.02% Acationox. The lysate Na concentration was
determined by atomic absorption spectroscopy. RBC Na content
was calculated according to the following equation:
Na1 X ODRBC Na (mmol/liter cell) =
HCTCS >( 0D1 x 1000 (Eq. 1)
where Na1 = Na concentration (tiM) of the lysate, 0D1 = optical
density of hemoglobin from the lysate of the flux media sample,
OD = optical density of hemoglobin from the lysate of the fresh
cell suspension, and HCTCS = hematocrit of the fresh cell
suspension. The flux was calculated from the slope SE of the
regression line of RBC Na content versus time using the
Enzfitter software program [231 and net Na influx expressed in
mmol/liter cell X hr defined as flux units (FU).
Measurements of unidirectional Na influx. 22Na was used to
study the external Na activation of Na influx via Na47H
exchange. The experimental design to measure the unidirectional
Na influx using 22Na was the same as for the net Na influx
except that the acid loaded cells were incubated in 3 ml of medium
containing 3 jxCi/mL of 22Na at a final hematocrit of 10% [15].
22Na in the lysate (0.8 ml) of the influx media was counted in a
well type LKB gamma counter up to 15000 cpm. The RBC Na
content was calculated according to:
cpm1 X OD
RBC Na (mmoljliter cell) =
0D1 X Ht x SA (Eq. 2)
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where cpm1 = cpm/liter of lysate of the influx sample, 0D1 =
optical density of the lysate of the influx media sample at 540 nm,
OD = optical density of the fresh cell lysate, Ht = hematocrit
of the fresh cell suspension, and SA = specific activity of the Na
influx media prior to flux measurement in cpm/mmol.
The unidirectional Na influx SE (in FU) was computed from
the slope SE of the regression line of RBC Na content versus
time as stated above.
Measurements ofNat'Li exchange
RBCLi loading. Na/Li exchange was measured as external
Na-stimulated Li efflux from preloaded erythrocytes as previ-
ously reported [2, 20]. The nystatin loading procedure was used to
load RBC to 12 mmol Li/liter of cells, so measurements of Li
concentration in the flux media at low external Na concentration
can be made with high precision. One ml of packed RBCs was
loaded in the cold for 20 minutes with nystatin-Li loading solution
containing (mM): 20 LiCI, 130 KC1, 50 sucrose and 40 nystatin
mg/liter. Subsequently, the cell suspension was centrifuged, the
supernatant discarded, the loading solution (without nystatin)
renewed and incubated for an additional 10 minutes in the cold.
Nystatin was removed by adding 5 ml of warm (37°) nystatin
washing solution (NWS) and incubating the cell suspension for 10
minutes at 37°C. NWS contained (mM): 130 KCI, 50 sucrose, 10
glucose, 1.0 K phosphate buffer (pH 7.4 at 37°C) and albumin
0.1%. Nystatin removal was ensured by four more washes with
NWS.
Measurements of net Li ejflux. To study the external Na
activation kinetics of Li efflux, the Na concentration of the
efflux solutions was varied balancing the osmolarity at 300 mOsm
with choline-Cl. Nine Na influx media were prepared containing
10, 20, 30, 40, 50, 80, 100, 120, and 150 mM Na and the Na
concentration measured by atomic absorption spectrophotometry.
All the Na media also contained (mM): 10 MOPS-Tris pH 7.4 at
37°C, 1.0 MgCI2 and 0.1 ouabain. The choline medium contained
(mM): 140 choline-Cl, 1.0 MgCl2, 10 MOPS-Tris pH 7.4 at 37°C
and 0.1 ouabain. The hematocrit of the flux suspension was 3 to
4% and duplicate samples were taken after incubation times of 10,
25 and 40 minutes and the media separated by centrifugation at
4°C as previously indicated. The Li concentration of the efflux
medium samples was determined by atomic absorption spectro-
photometry using standards with the same composition of the flux
medium, The Li concentration of the media was corrected for
the hematocrit of the flux media and expressed in mmol/liter cell.
Li4 efflux was calculated from the slope SE of the linear
regression analysis of RBC Li content (mmol/liter cell) versus
time as stated above. Na-stimulated Li efflux was calculated as
the difference between Li efflux into the Na and the choline
media.
Insulin incubation experiments
Washed RBCs were pre-incubated for one hour at 37°C in an
insulin incubation medium containing (mM): 150 KC1, 1.0 MgCl2,
5.0 glucose, 1.0 CaCl2, 20 Tris-MOPS pH 7.4 at 37°C, albumin
0.1% in the presence or absence of different concentration (10 to
300 iU/ml) of human recombinant insulin. A stock solution of
insulin containing 2 >< iO xU/200 d of 0.01 M HC1 was prepared
and rapidly frozen in aliquots of 10 .tl. The day of the experiment,
one aliquot was thawed, diluted with 5 ml of incubation media (25
xUId) and appropriate volumes were added to the insulin
incubation media.
Modification of cytosolic Ca2
To remove cytosolic Ca2, washed RBCs at 10% hematocrit
were incubated for 10 minutes under dim light with 60 nmol/ml
cells of A23 187 in a media buffered with EGTA to yield 0 nrvi
ionized calcium (Ca2) (mM): 110 KC1, 40 NaCl, 0.15 MgCI2, 20
Tris-MOPS (pH 7.4 at 37°C), 1.0 EGTA [24]. At this MgCI2
concentration, the cell does not lose Mg and the ionophore is not
permeable to Nat A stock solution of the Ca-ionophore was
prepared in ethanol (1.9 mM) and kept at —20°C protected from
light and humidity. Following this incubation, the Ca2 ionophore
was removed by four washes with an ice-cold solution containing
(mM): 110 KC1, 55 NaCl, 10 Tris MOPS (pH 7.4 at 4°C), and 0.5%
of albumin to restore low basal Ca2 permeability of RBCs.
Subsequently, RBCs were acid loaded as described above. We
previously reported the dependence of intracellular Ca2 from
the external Ca2 in the presence of A23187 [24]. This titration
curve was used to predict the intracellular Ca2 concentration and
the inward and outward Ca2 fluxes were equal. It should be
remarked that buffering of cytosolic Ca2 to 200 nM using
Ca2-EGTA buffers, pH 7.4 does not damage RBCs morphology
or metabolism [24]. The total Ca concentration was measured by
atomic absorption spectrophotometry and the Ca2 of the media
was calculated with a computer software program for EGTA-Ca
buffers. The Ca and acid-loaded RBCs were washed three times
with AWS to remove external ions and resuspended at 50%
hematocrit with the same solution. Aliquots of this suspension
were used for measurements of RBC Nat, K, pHi, and hemat-
ocrit.
Cytosolic Ca2 was estimated using Fura-2 fluorescent dye as
described for RBCs [25]. Fifty microliters of 50% suspension of
RBCs were incubated in 1 ml of physiological saline solution
containing (mM): 145 NaCI, 5 KCI, 10 HEPES pH 7.4, 1.0
Na2HPO4, 1,0 CaCl2, 0.5 MgSO4, 5.0 glucose and 5 .LM of
FURA-2AM for one hour at 37°C. RBCs were then washed twice
with saline solution and resuspended in 1 mL of the same solution.
Just before Fura-2AM fluorescence measurements, the cells were
spun down and resuspended in 200 xl of saline solution. The
suspension was added to 1.8 mL of saline solution in a thermo-
stated quartz cuvette (37°C) and the basal fluorescence measured
(510 nm emission) at 340 and 380 rim excitation wavelengths. The
F-maximum value was obtained using digitonin (7 d of 1.5 m'vi
stock solution) and F-minimum value was obtained using EGTA
+ Tris base. Intracellular Ca2 (nM) was calculated by using the
following equation:
[Ca2 + I, = 224 x [(Fb — Fmjn)/(Fmax — Fb)] x
380min/380max (Eq. 3)
where Fb = basal ratio (340/380 nm); F,,ax = digitonin ratio
(340/380 nm); Fmin = EGTA-Tris base ratio (340/380 nm); and
38Omin/38Omax = ratio between minimal and maximal value at 380
nm.
Kinetic analysis
Kinetic parameters for activation of Na/H and Na/Li
exchange mediated fluxes were analyzed using the Enzfltter
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software computer program [23]. This program can perform curve
fitting for kinetic data analyzed by the Hill and Michaelis-Menten
equations, several linear transformations (that is, Lineweaver-
Burk, Hanes-Woolf and Eadie-Hofstee plots) as well as by
non-linear regression which does not change the error distribu-
tion.
The logarithmic form of the Hill equation was used to deter-
mine Km and Hill coefficient of Na/H exchange by plotting y =
log [v/(Vmax — v)] versus x log [S].
v
log = n log[S50] — logK'Vm — V
where [SI is the concentration of substrate; n, the Hill coefficient;
Vmax, the maximal transport rate; and K', [S50}"; [S50}, substrate
concentration that yields 50% of the Vmax, named Km. The
Enzfitter software computer program [23] was used to obtain the
best fit for the linear regression, allowing estimates of the Hill
coefficient from the slope and Km = [S50] from the x intercept at
y = 0.
The Michaelis-Menten equation was used to calculate the
kinetic parameters of Na/Li exchange. The Eadie-Hofstee
transformation and a non-linear regression fitting were used to
calculate the Vmax and K, SE [26—29].
Statistical analyses
All statistical analyses of insulin, Ca2 and okadaic acid effects
were performed using paired Student's (-test in a computer facility
of our Hospital which runs a Clinfo Software statistical package
program (Bolt, Beranek and Newman, Cambridge, Massachusetts,
USA) in a Digital Equipment Corporation Computer (Maynard,
Massachusetts). P values smaller than 0.05 were regarded as statis-
tically significant. The data are reported as mean standard error.
Chemicals
NaCl, MgC12, dibutylphtalate and glucose were obtained from
Fisher Scientific Company (Fairlawn, New Jersey, USA).
Ouabain, Tris, MES, MOPS, DIDS, nystatin, albumin (bovine
fraction V), dibutyl-phthalate and human recombinant insulin
were purchased from Sigma Chemical Co. (St. Louis, Missouri,
USA). Acationox detergent was from American Scientific Prod-
ucts (McGraw Park, Illinois, USA). Methazolamide was from
Lederle Laboratories Division of the American Cyanamide Co.
(Pearl River, New York, USA). Calcium ionophore A23187 and
choline chloride were obtained from Calbiochem, Behring Diag-
nostic (San Diego, California, USA). Bumetanide was from Leo
Laboratories (Vernouillet, France). Okadaic acid was from LC
Services (Natick, Massachusetts, USA). FURA-2AM was from
Molecular Probes (Eugene, Oregon, USA).
Results
Insulin effects on the cell pH activation of Na t'H exchange
fluxes, The antiporter activity of RBCs is 50 to 100 times lower
than of nucleated cells. However, the passive permeability is also
very low, allowing for precise measurements of the antiporter
activity using a large number of cells and relatively long incuba-
tion times (0 to 10 mm). Furthermore, the intracellular composi-
tion for H and Na can be widely modified as required for
kinetic studies. We have previously shown that 1 mtvi amiloride
and its high affinity analogs block 80% of the RBC Na/H
exchange [22]. However, this high concentration of amiloride also
induces cell lysis, and for this reason, we inhibited Na/H
(E 4) exchange activity with acid external pH (pH0 6.0) and measuredq. net Na influx driven by an outward H gradient. To this end,
RBCs were first pre-treated with nystatin to reduce intracellular
Na to less than 2.0 mmol/liter cell, and then were acid loaded
while avoiding cell swelling using high osmolarity.
Figure 1A shows the dependence of net Na influx on intra-
cellular H (H1) and extracellular pH in RBCs of one subject who
was fasted for 12 hours. When these cells are incubated in media
pH 6.0, the net Na gain proceeds at a low rate because Na/H
exchange is fully inhibited by external acid pH and there is no
outward H gradient. Under this condition, Na influx is linear
up to 30 minutes. In contrast, when acid-loaded RBC are incu-
bated in Na media with pH 8.0, the net Na influx is much faster
than at pH0 6.0 and initial rates are held between 0 and 15
minutes [21]. The difference in Na influx between both media
(pH0 8.0 — pH0 6.0) provides a measurement of NaJTf
exchange by H-gradient driven Na influx. As shown in Figure
1A, at an external pH 6.0, Na influx increases linearly with
cellular acidification. At an external pH of 8.0, an outward H
gradient is established and the net Na gain increases sigmoidally
with intracellular acidification and reaches a Vmax of 22 mmol/liter
cell X hr (= FU, flux units) at pH1 6.0. Figure lB shows a similar
experiment performed in the RBCs of the same subject which
were pre-treated with 100 ,tU/ml of insulin for one hour. Note
that the Na influx at pH0 8.0 is much higher than in control
conditions, but at pH0 6.0 it is very similar to the control
conditions. Na/H exchange activity in insulin treated cells
increased significantly below pH1 6.8 and reached 50.5 FU at pH
6.0. The Hill plot of Na/H exchange versus H1 (Fig. 1C)
indicated that the Km for H1 and the Hill coefficient were not
significantly affected by insulin. Table 1 summarizes results of
kinetic studies obtained in 10 normal subjects. Insulin increased
the Vm (P < 0.0005) but did not affect the Km and the Hill
coefficient for H1 activation.
Physiological concentrations of insulin (0 to 100 xU/ml) mark-
edly stimulated the Vmax of Na/H exchange in a dose-depen-
dent manner and higher doses (100 to 500 U/ml) did not further
increase its activity (Fig. 2A). The time course of insulin action on
Na/H exchange was studied measuring the Vmax after pre-
incubation with 50 tU/ml of insulin for different periods (Fig. 2B).
The antiporter activity increased significantly at 20 minutes and
remained activated up to 60 minutes.
Insulin effects on the external Na + activation of Na /H4 exchange
To investigate the effects of insulin on the Na activation of the
antiporter, RBCs were acid-loaded to pH1 6.0 and pre-incubated
for one hour with 50 1xU/ml of insulin (Fig. 3 A and B).
Unidirectional Na influx was also measured using 22Na at pH0
8.0 and 6.0 with and without insulin. In the control fasting
conditions, Na/H exchange reached maximal activity at 70 mM
In a previous study, we characterized the kinetics and stoichi-
ometry of Na and H fluxes driven by the human RBC Na/H
exchange [21, 22]. We established that the net Na influx driven
by an outward H gradient had similar values to that of H efflux
driven by an inward Na gradient. Thus, in human RBCs,
Na/H exchange is characterized by tightly coupled Na and H
Cellular pH log H.
Fig. 1. The effect of insulin on the cell pH activation of RBC Na4/H exchange. A. Measurements are the initial rates of net Na influx as a function of
intracellular pH in RBCs of one normal subject fasted for 12 hours under control conditions. At external pH 6.0, (D—LJ) Na influx is very low
because external H are inhibitory of external Na sites; notice that Na influx slightly increases with intracellular acidification. At external pH 8.0,
(0—0) Na influx markedly increases in a sigmoidal fashion with the fall in pH and reaches maximal values at pH1 6.0. Na/H exchange activity
was determined as Na influx driven by an outward H gradient by substraction of Na influx at pH0 6.0 from Na influx at pH0 8.0 (pH0) (•—S).
In control conditions, the V,, of Na/}-P exchange was 22.6 0.48 FU (Mean SE, N = 6). Na influx SE was calculated from the slope SE of
the regression line of cell Na at three time points taken in duplicate (N = 6 samples) at each pH1 and pH0. For Na/H exchange, the SE was
determined from V(se1)2 + (SE2)2. Bars indicate the SE of the flux measurements. B. Measurements are the initial rates of net Na influx as a function
of intracellular pH after one hour pre-incubation of RBCs of the same subject with 100 U/ml of human recombinant insulin. At pH0 6.0 (E1—L1),
Na influx had similar values than in control conditions; at pH0 8.0 (0—0), Na influx increased to values twofold higher than in control conditions.
Notice that Na/H exchange at pH1 below 6.9 (•—•) was enhanced by insulin. In insulin-treated RBCs, the Vmax of Na/H exchange was 50.5
0.7 FU. C. A Hill plot of the data in sections 1A and lB. In control conditions (•—•), the K, for H was 177 nM (pH1 6.7), and the Hill coefficient,
3 0.1. In insulin-treated RBCs (0—0), the Km for H was 261 nri (pH1 6.58), and the Hill coefficient, 4.0 0.09. Vol = Na/H exchange activity.
H = intracellular H concentration. Vma,,, maximal transport rate. FU = mmol/liter cell >< hr.
Table 1. Effect of insulin on the kinetic parameters for cell pH
activation of red cell Na'7H exchange
K, for ceII H Hill
coefficientn Vmaxmmol/liter cell X hrflM pi-!,
Control 296 40 6.5 0.1 2.6 0.1 27.4 5.5
+ Insulin 316 40
(N =
6.5 0.1
4)
2.9 0.4
(N = 4)
47.5 7.7
(N = 10)
P values NS NS <0.0005
Na/H exchange was determined after sixty minutes pre-incubation
with and without insulin (50 to 300 U/ml) measuring net Na influx
driven by a H gradient [(ipH0 8 — pH0 6)] as described in Methods.
Values are given as mean SE. P values are for paired t-test.
external Na and after insulin pre-treatment the activity was
constant and maximal at 120 and 150 mivi. Insulin increased
twofold Na/H exchange activity at 150 msi Nat, A Hill plot
(Fig. 3B) showed that insulin induced a marked increase in the Km
for external Na from 30 to 70 m. Similar kinetic experiments
were conducted in RBCs of three subjects which yielded similar
results as summarized in Table 2.
Insulin effects on the external Na activation of Na 7Li
exchange
Because insulin induced a large change in the affinity for
external Na of the Na/H exchange, we also investigated the
hormone effects at pH = pH0 = 7.4 on the Na activation of
Na/Li countertransport. At this low H concentration (40 nM),
the RBC antiporter exchanges Na for Na or Na for Li at
very low rates (0.3 FU). Figure 4 A and B shows results of an
experiment performed in RBCs of one subject fasted for 12 hours
and after pre-incubation for one hour with and without 50 j.U/ml
of insulin; subsequently, RBCs were Li loaded to 12 mmol/liter
cell to determine Na-stimulated Li efflux at nine different Na
concentrations. Na/Li exchange activation by external Na
followed Michaelis-Menten saturation kinetics and reached max-
imal values between 70 and 150 mtvi Na. In insulin pre-treated
cells, Na/Li exchange was significantly lower between 10 and 70
mM Na than in control conditions but had similar values at 150
mM Na. Li efflux saturated between 120 and 150 mM Na. The
Eady-Hoftee plot of the data (Fig. 4A) demonstrated that the Km
for Na increased from 10.7 to 70.4 m and the calculated Vmax
from 0.16 to 0.22 FU.
Experiments conducted in RBCs of nine subjects (Table 2)
confirmed that insulin increased twofold the Km for Na and
slightly but significantly the V,nax of Na/Li exchange. In pub-
lished clinical studies, the Vmax of Na/Li exchange has been
determined assaying Na-stimulated Li effiux at 150 mi Na
("standard assay"). Na/Li exchange at 150 mM Na had similar
values in the control conditions and after insulin pre-treatment
(Fig. 5). In the control conditions (Fig. 5A), RBC Na/Li
exchange activity measured at 150 mrvi Na did not differ from the
calculated Vmax because the antiporter is fully saturated in normal
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Fig. 2. Dose response and time course of the
effect of insulin on the V of RBC Na/H
exchange. A. Mean values SE of the of
Na/H exchange at pH 6.0 obtained in 3
experiments in 3 subjects. B. Mean SE of the
of Na 711 exchange in one subject; similar
results were obtained in another subject. Three
time points were taken in duplicate N = 6
samples) to determine the influx from the
regression line of cell Na versus time. The bars
indicate the standard error (su) of the flux. NaF /
H exchange was measured as described in the
Methods section. FU = mmol/liter cell >< hr.
External Na, m Log Na
Table 2. Effect of insulin on the Na activation of Nat/H and Na7Li
exchanges
K,,, for
NaF V,,,
mM mmol/liter cell >< hr
A. Na /H exchange, p1-I 6.0
Control
+ Insulin
P values
B. Na7Li exchange, pH 7.4
Control 31.5 3.2 0.32 0.026
+ Insulin 76.0 10.4 0.42 0.043
P values < 0.000033 < 0.0038
Na7H exchange was studied in 4 subjects and Na7Li exchange in 9
subjects. RBC were pre-incuhated for one hour with and without insulin
(50 irU/ml) before acid and Li loading. Values are given as mean SE.
P values are for paired test.
subjects. However, after pre-incubation with insulin (Fig. 5B), the
calculated Vrnax is significantly higher than the activity at 150 mM
Na (P < 0.003). This discrepancy is due to the large increase in
the Km for Na induced by insulin which can lead to incomplete
saturation at 150 m Na '. These findings indicate that in
conditions of hyperinsulinemia, the "standard assay" of Na/Li F
exchange may not fully measure its V,m,,,.
Fig. 3. The effect of insulin on external Na
activation of Na /l-J' exchange in RBCs of one
subjectfàsted for 12 hours. In these experiments,
1 .2 22Na was used to measure initial rates of
unidirectional Na influx as described in the
0.8 Methods. Na ' influx at every external Na
concentration was calculated from the slope SE0.4 . of the regression line of cell Na gain at three
time points in duplicate at pH 8.0 and two time
0 points at pH 6.0. A. The Na71-P exchange
activity assayed at pH 6.0 in the control
—0.4 . conditions (O—O) and after one hour
incubation with 50 jsU/ml of insulin (•—•). B.
—o 8 A Hill plot of data in Figure 3A. In control
conditions, the Vm,x was 16.3 3 FU; the Km for
Na7 30 3 mM; and the Hill coefficient, 1.2
0.t. In insulin-treated RBCs, the V,,,.,. was 30.5
4 FU (P < 0.01); the K, for Na, 70 mM 10
(P < 0.001); and the Hill coefficient, 1.4 0.09
(P = NS). FU = mmol/liter cell >< hr.
Insulin activation of Na IH exchange and cytosolic Ca2 levels
Na7H exchange can be activated by a raise in cytosolic Ca2F
which in some cells enhances Ca2 pumping and has an acid
loading effect [24, 26]. In other cells, hormonal activation of a
Ca2-dependent protein kinase C (PKC) by diacylglycerol and
phorhol esters increases the phosphorylated state and the turn-
over rate of this antiporter [27, 28]. Studies in our laboratory have
shown that in subjects in the post-prandial state, RBC NaF/H±
exchange is activated by a raise in cytosolic Ca2 [29]. To
determine if insulin activation of Na17H exchange was mediated
by changes in cytosolic Ca2, RBCs were made permeable to
Ca2 F with A23 187 and Ca2 buffered between 0 and 200 nM. The
A
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experiments were performed in three subjects fasted for 12 hours.
RBCs were acid-loaded to pH 6.0 to measure the of
Na/H exchange. Measurements of cytosolic Ca2 F using Fura-
2AM yielded values between 50 and 70 n under these conditions.
RBC containing 0 and 200 nM cytosolic Ca2 were prepared by
means of the A23187 ionophore and EGTA buffer as described in
Methods. Subsequently, the cells were incubated for one hour
with 100 jxU/ml of insulin and acid-loaded to measure the at
pH1 6.0. After one hour incubation with insulin, Na/H exchange
activity was significantly stimulated by insulin in RBC containing
cytosolic 50 nM Ca2 (P < 0.01) as well as in those loaded with
A23187 to contain 200 nM (Fig. 6). When cytosolic Ca2 was
clamped at 0 ni with EGTA buffer, insulin inhibited NaF/H±
exchange. In the absence of insulin in the incubation media,
a)C)C
-c0x
a)
+
-J
z
Fig. 5. Comparison of RBC NaILi exchange
activity measured at 150 m Na + (0) and the
calculated V,,, (•). The experiments were
conducted in nine subjects. A. The mean Na7
Li exchange activity at 150 mi Na under
control conditions was 0.29 0.07 FU and the
Vn,ax 0.34 0.11 FU (P = NS). B. After one
hour incubation with 50 .tU/mI of insulin, the
mean Na/Li exchange activity at 150 mrvi
Na was 0.29 0.08 FU and the Vmax 0.45
0.14 FU (P < 0.003). N = 9 subjects.
0.20
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Fig. 4. Effect of insulin on external Na + activation of Li efflux driven by Na 7Li exchange atpH 7.4 in RBCs of one subject fasted for 12 hours. Li + efflux
at every external Na concentration was determined from the slope SE of the regression line of Li content of the media at three time points in
duplicate. Values obtained in choline media were subtracted to calculate Na-stimulated Li efilux. A. In the fasting control conditions (0—0),
NatLi exchange reached saturation at 50 m Nat After one hour incubation with 50 U/ml of insulin (—•), Na/Li exchange saturated
between 100 and 150 mM Na and showed a marked inhibition between 10 and 75 mM Nat B. An Eadie-Hofstee plot of the data of Figure 4A. In
control conditions, the Vmax was 0.17 0.008 FU, and the Km for Na 10.7 1.0 mri. In insulin-treated RBCs, the Vmax was 0.28 0.05 FU (P <
0.05), and the Km for Na 70.4 13 mivi (P < 0.001). FU mmol/liter cell X hr. Data are mean SE (bars).
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Na/H exchange activity was not affected when cytosolic Ca2
was reduced to 0 nM or increased to 200 flM. These findings
indicate that endogenous eytosolic Ca2 levels are required for
insulin action but a rise of its endogenous levels does not activate
Nat'H exchange in the fasting state as does insulin.
We also studied the effect of cytosolic Ca removal on the Na
ri
Okadaic acid
300 flM
Insulin
50 pU/mi
Fig. 7. Effect of okadaic acid and insulin on the V,, of Na/H exchange.
RBC were incubated for 30 minutes with 300 nM okadaic acid during the
acid loading (pH 6.0). This protein phosphatase inhibitor, induced a
significant activation of the Vmax of Nat'H exchange (P < 0.02, N = 3).
Na/FF exchange activity was also assayed at pH, 6.0 in the control
conditions and after one hour incubation with 50 U/m1 of insulin.
Na/H exchange was measured as described in the Methods section. FU
= mmol/liter cell X hr. Values are the mean SE of 3 experiments
performed in RBCs of 3 subjects. P value <0.01 for insulin action.
activation of Na/Li exchange. We found that clamping cytosolic
Ca2 levels at 0 flM did not significantly change the Vmax of
Na17Li exchange (0.29 0.02 vs. 0.28 0.02 FU for 0 Ca2,
N = 3 experiments in 2 subjects). Furthermore, the Km for Na
did not change after cytosolic Ca2 removal (26 7 vs. 25 15
mM, N = 3).
Fig. 6. Cytosolic Ca2 is required for insulin
activation of Na/H exchange. RBC of subjects
fasted for 12 hours incubated with/without 100
U/ml of insulin for one hr. Subsequently, the
cells were acid loaded to pH1 6.0 to measure
Na7H exchange as described in the Methods
section. Two RBC aliquots were incubated with
A23187 and 1 mM Ca-EGTA buffer to clamp
cytosolic Ca2 at 0, 50 and 200 nM as described
in the method section and then incubated for
one hour with/without 100 LU/ml of insulin.
Cytosolic Ca2 was measured as described in
— + the Methods section. Data are mean SE of
experiments performed in RBCs of 3 subjects.
+ + P values <0.01 for insulin action.
To examine the role of phosphorylation in the activation of
RBC Na/H exchange, we studied the effect of okadaic acid.
This mitogen is a potent inhibitor of serine-threonine protein
phosphatases [30j. Studies on the effect of okadaic acid on
purified Type I and 2A phosphatases have shown that these agents
block these enzymes with low and high affinity, respectively [301.
To study the effect of this molecule, RBC were acid-loaded to pH,
6.0 to measure the Vmax and incubated with and without 300 nM
okadaic acid for 30 minutes during the acid loading and the influx
measurements. As shown in Figure 7, okadaic acid markedly
increased the Vmax of Na/H exchange similar to insulin. The
combined effect of okadaic acid and insulin was also studied and
found that they were not additive (data not shown).
The effect of okadaic acid on the Na activation of Na'7Li
countertransport was studied. As shown in Figure 8, Li efflux
into media containing 20 to 80 mrvt Na was significantly reduced
compared to control cells. An Eadie-Hofstee plot indicated that
+ okadaic acid increased the Km for external Na from 16 5 to
93.7 22 m (P < 0.01) and the Vmax from 0.38 0.03 to 0.59
0.08 FU (P < 0.001). In similar experiments performed in four
subjects, the Km increased from 24.5 to 160 mM Na (Table 3). As
previously shown for insulin action (Table 2), okadaic acid
enhanced 40% the Vmax of Na /Li exchange from 0.27 to 0.38
FU (Table 3).
Discussion
insulin activates the human RBC Na 7H exchange
Insulin is a pleiotropic hormone which modulates several cell
responses including glucose transport, glycolysis, glycogen synthe-
sis, fatty acid metabolism and cell growth [reviewed in 31]. The
first major finding of this report is that physiological levels of
insulin activates the Na/H exchange in human RBCs as previ-
ously demonstrated for other cells including skeletal muscle,
fibroblasts and kidney tubular cells [17, 31]. To demonstrate the in
vitro effects of insulin on RBC Na/H exchange, normal subjects
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Fig. 8. Effect of okadaic acid on the external Na4
activation of Na47Li4 exchange in RBC of one
subj ect fasted for 12 howr. Li4 effiux SE was
determined from the regression line of Li
content of the media versus time of three time
points taken in duplicate (N = 6 samples) for
eveiy Na4 concentration. FU = mmol/liter cell X
hr. A. The dependence of Li4 efflux from external
Na4 under control conditions (O—O) and
< after pre-treatment for 30 minutes with 300 nM
okadaic acid (—•); RBC Li 12 mmolJliter
cell. The efflux media also contained okadaic acid.
Notice that okadaic acid markedly decreased
Na/Li4 exchange at 10 to 80 mM Na4. B. An
Eadie-Hofstee plot of the data of Figure 8A. In
the control conditions, (O—O), the Vm was
0.38 0.03 FU and the Km for Na4 16.0 5.0
mM (N = 9). In okadaic acid-treated RBCs(—•), the Vm was 0.59 0.08 FU (P <
0.001, N = 9) and the Km for Na4 93.7 22 mrvi
(P < 0.01, N = 9).
Table 3. Effect of okadaic acid on the Na activation of Na4/Li4
exchange
Exchange Mode Control Okadaic acid P values
Vm=
mrnol/liter cell X hr 0.27 0.08 0.38 0.09 <0.02
V at 150 m Na4 0.26 0.05 0.22 0.05 NS
mmol/liter cell X hr
Km m Na4 24.50 4.8 160.0 59 < 0.04
(N =4)
For Na47LiF exchange, Li-loaded cells were pre-incubated for 30
minutes with 300 nivi okadaic acid in choline media. The Li4 efflux media
also contained okadaic acid. Data are means s; N is the number of
subjects studied, and V is velocity.
were fasted for 12 hours to reduce circulating plasma levels of
insulin. In the post-prandial state and elevation of glycemia,
insulin is secreted and plasma levels increase with a peak at one
hour and a fall after two hours [6]. Incubation of RBCs with
physiological insulin levels (10 to 100 U/ml) markedly increased
the Vm of Na/H4 exchange. This effect of insulin on RBC
Na7H antiporter developed slowly (between 10 and 20 mm) in
comparison with the faster effects on nucleated skeletal muscle
cells [20, 36]. However, the variety of responses triggered by
insulin can develop with different time courses and dose depen-
dency; for example, the effects on cell growth require higher
insulin concentrations than its effect on glucose transport [31].
Stimulation of glucose transport is among the earliest responses
while stimulation of cell growth is one of the latest responses. The
slow development of insulin action on the RBC antiporter may
reflect several steps between insulin receptor occupancy, initiation
of the complex phosphorylation cascade and Na/H4 exchange
activation [32]. Our finding that insulin markedly stimulates the
Na/H exchange in the mature red cells is consistent with the
action of insulin in precursor cells as an erythropoietic growth
factor [10, 11]. Even though the number of insulin receptors and
Na/H exchange activity are two- to threefold lower than in the
human reticulocytes [12, 13], the antiporter present in mature red
cells is still responsive to this hormone.
Physiological doses of insulin bring Na/H exchange to a state of
low affinity for Na
The second major finding of this report is that insulin stimula-
tion of the Vm of Na/H exchange increased the Km for
external Na twofold without significant changes on the Km or the
Hill coefficient for H1 activation. Hence, insulin will activate this
antiporter in human RBCS at any pH1 below 7.0.
The effect of insulin on the Km for external Na4 is a unique
mechanism of modulation of Na4/H exchange. Other hormones
modulate this antiporter by very different kinetic effects. Angio-
tensin II decreased the Km for Na4 and did not change the Km for
H1 in vascular smooth muscle cells [15]. Epidermal growth factor
has been shown to decrease the Km for intracellular H4 [14].
Parathyroid hormone, instead, inhibits Nat'H exchange in
kidney tubular cells and increases the Km for intracellular pH [16].
These differences in the regulatory effects of several hormones on
the kinetics parameters of the antiporter might be partially related
to the tissue distribution of the Na4/H exchange isoforms and
species differences [33]. Most importantly, one can conclude that
the antiporter activity can be regulated not solely by changes in
the affinity for intracellular H4 sites, but also by changes in the
affinity of Na4 sites. Thus, the observation that Na4 sites can be
in state of low or high affinity further suggests that there are
several Na and H4 sites present in this antiporter.
In a state of high affinity for Na4, the antiporter might be
preferentially binding Na at external sites and releasing bound
H to the external medium. In the state of low affinity induced by
insulin, the antiporter might be releasing bound Na into the
cytosol and favoring the binding of intracellular H. This suggests
that ion translocation through the Na/H4 antiporter may occur
by a consecutive mechanism which requires the release of H4
before Na can be inwardly transported, and the release of Na4
before H can be outwardly transported.
Insulin also increases the Km for external Na during Na4ILi4
exchange
At pH 7.4, the H1 regulatory sites of the Nat'H exchange are
not occupied and the antiporter can exchange Na4 for Na or
Na for Li, but at low rates [4, 34]. We found that at pH 7.4,
insulin also increased the Km for external Na4 and modestly
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stimulated the Vmax of Na/Li exchange. In our experiments in
normal subjects who fasted for 12 hours, the Km for Na was 30
m (range 10 to 40 mM) and Li effiux was completely saturated
above 60 mM Nat After incubation for one hour with 50 xU/ml
of insulin, the Km for Na increased to 76 m and Li efflux
saturated above 90 mivi Nat These data indicate that the affinity
of Na sites can be modified independently of the occupancy of
intracellular H sites. From these results, it can be concluded that
insulin action decreases the affinity for Na of both exchange
modes: Na for H and Na for Lit These results provide
additional evidence that both exchange modes are driven by the
same transport protein.
Previous kinetic studies of the Na/Li exchange in human
RBCs have shown large variability in the Km for Na [reviewed in
35]. However, in all these reports the feeding status of the subjects
was not reported and reported values for Km for Na higher than
150 m are not valid if flux saturation is not demonstrated.
It should be noted that in our experimental conditions, insulin
activation of the Na/H antiporter occurs at acid intracellular
pH and in the absence of intracellular Na, while that of Na/Li
exchange takes place at pH 7.4 and in the presence of saturating
intracellular Li concentrations. We have previously shown that
intracellular acidification does not change the affinity of external
Na sites of the Na/Na exchange, while an increase in intra-
cellular Na markedly decreases the Km for external Na [34].
Thus, one may conclude that insulin action on Na sites of
NatH and Na/Li exchanges is not due to a rise in intracel-
lular Nat
Cytosolic Ca2 is required for insulin activation of RBC Na 17H
exchange
The third major finding of this report is that insulin stimulation
of Na'7H exchange requires cytosolic Ca2. In RBCs obtained
in fasting conditions, Na/H exchange activity did not change
significantly when cytosolic Ca2 was clamped at 0 n or elevated
to 200 nM using the Ca2 ionophore A23187 and EGTA buffers.
In addition, insulin was unable to stimulate Na/H exchange
when cytosolic Ca2 was clamped at 0 nivi with EGTA buffer.
Insulin stimulation of Na/H exchange occurred only in RBCs
containing cytosolic Ca2t We previously reported for RBCs
obtained from subjects in the post-prandial state that reduction of
cytosolic Ca2 markedly decreased Na/H exchange [24, 29].
However, in experiments performed in the fasted state, the
antiporter activity was Ca2-independent while insulin activation
of Na/H exchange was Ca2 dependent. Our findings can also
exclude that insulin is activating the antiporter by inhibiting the
Ca2 pump and increasing cytosolic Ca2t The Ca-dependent
component of insulin action might be due to the phosphorylating
action of a protein kinase, that is, PKC, calmodulin kinase or
mitogen activated kinase (MAP). Activation of PKC by phorbol
esters and hormones (such as angiotensin II, epidermal growth
factor, platelet-derived growth factor) has been shown to activate
Na*/H± exchange in many cell types [15, 27, 28]. Sardet et al [28,
36] have recently shown that PKC phosphorylated serine-threo-
nine amino acid residues of the Na/H exchange. In the muscle
cell line BC3H-1, insulin increases diacylglycerol production from
phosphatidyl-choline and activates PKC but its kinetic effects on
the antiporter have not yet been studied [19, 37]. However, insulin
does not have the same kinetic effects that those induced by
activation of PKC in other cell types [14, 15, 27, 36]. Insulin did
not increase the affinity for intracellular H or decreased the Km
for extracellular Na as PKC does in cells expressing the isoform
NHE-1 [33]. Unpublished observations of our laboratory indicate
that in human RBCs, phorbol ester activation of PKC increases
the affinity for intracellular H of Na7H exchange as shown for
the NHE-1 isoform [33].
Okadaic acid and insulin have similar kinetic effects on Na7H
and Nat'Li exchanges
Recent studies have shown that okadaic acid stimulates
Na/H exchange in thymocytes and fibroblasts by enhancing the
phosphorylated state of serine-threonine amino acid residues [36,
38]. Another major finding of this report is that the kinetic effects
of insulin on Na/H exchange were imitated by blocking dephos-
phorylation by protein phosphatase with okadaic acid. This inhib-
itor of serine-threonine protein phosphatases stimulates the Vmax
of Na/H and Na/Li exchangers. Likewise, okadaic acid also
increased the Km for Na of Na7Li exchange as insulin did.
These findings led us to hypothesize that insulin may control the
phosphorylated state of the antiportert either by enhancing the
activity of a serine-threonine protein kinase or by inhibition of a
serine-threonine protein phosphatase. Unfortunately, antibodies
against the antiporter are not yet available commercially to
examine whether or not insulin increases the phosphorylated of
this membrane protein in human RBCs.
In addition, our results indicate that a mechanism of signal
transduction may exist in the insulin receptor cascade to initiate
serine-threonine phosphorylation. It is actually well-known that
insulin stimulation of the receptor tyrosine kinase activity initiates
a phosphorylation cascade of several substrates which modify
serine-threonine phosphorylation in a number of proteins and
enzymes [32]. Thus, insulin activation of Na/H exchange might
be due to an activation of a serine-threonine protein kinase which
is a substrate of the tyrosine kinase receptor. One of the substrates
phosphorylated by the insulin receptor tyrosine kinase is a mito-
gen-activated protein (MAP) kinase-kinase (Mek and c-Raf-1
kinase) which can bring about the activation of other serine-
threonine protein kinase, that is, MAP kinase isoforms. S6 kinases
[40]. In addition, it is possible that insulin inhibits a protein
phosphatase. Human RBCs possess only cytosolic protein phos-
phatase Type 2A which is inhibited by okadaic acid and thereby
increases the phosphorylated state of a 100 kD membrane protein
[39]. These findings led us to propose that insulin may regulate the
antiporter by a biochemical mechanism that enhances the phos-
phorylated state of serine-threonine amino acids. These mecha-
nisms might be involved in the abnormalities of both exchange
modes [41], Na for H and Na for Li associated with
insulin-resistant states such as hypertension and its concomitant
hyperinsulinemia.
Appendix. Abbreviations
RBC, red blood cells; Vm, maximal transport rate; Km, substrate
concentration for half maximal velocity; app' Hill coefficient; pH1, intra-
cellular PH; pH0, extracellular pH; FU, flux units in mmol/liter cell x hr;
PKC, protein kinase C.
Acknowledgments
This work was supported in part by the following NIH-NHLBI grants:
Shannon Award HL 35664, DK-HL-9211 and NIH-RR-02635 to the
Pontremoli et al: Insulin action on Na /H exchange 375
General Clinical Research Center. The results were analyzed in a
CLINFO facility supported by NIH grant 02635. Roberto Pontremoli,
M.D. was supported by the University of Genoa, Genoa, Italy. Gianpaolo
Zerbini M.D. was supported by a Fellowship of the "Ministerio Italiano
della Publica Istruzione." A preliminary communication of this study was
reported to the 45th Annual Meeting of the Society of General Physiology
and published as an abstract in J Gen Physiol 100:20a, 1992.
Reprint requests to Mitzy Canessa, Ph.D., Endocrine-Hypertension Divi-
sion, Brigham and Women's Hospital, 221 Longwood Avenue, Boston,
Massachusetts 02115, USA.
References
1. CANESSA M, ADRAGNA N, SOLOMON HS, CONNOLLY TM, TosmsoN
DC: Increased sodium-lithium countertransport in red cells of pa-
tients with essential hypertension. N Engi J Med 302:772—776, 1980
2. CANESSA M, MORGAN K, GOLDSZER R, MOORE TJ, SPALVINS A:
Kinetic abnormalities of the red blood cell Na7H exchange in
hypertensive patients. Hypertension 17:340—348, 1991
3. KROWLESKI AS, CANESSA M, RAND LI, WARRAM JH, LAFFEL IM,
KNOWLER W, CHRISTLIEB AR: Predisposition to hypertension and
susceptibility to renal disease in insulin-dependent diabetes mellitus.
NEnglJMed 318:140—145, 1988
4. CANESSA M: Regulation of the Na/H exchanger in essential hyper-
tension: functional and genetic abnormalities, in Cellular Aspects of
Hypertension, edited by BRuscHI G, BORGHETrI A, Heidelberg,
Springer-Verlag, 1991, pp. 181—191
5. FERRANNINI E, BuzziGoLl G, BONADONNA R, GloRico MA, OLEG-
GIN! M, GRAZIADE! L, PEDRINELLI R, BRAND! L, BEVILACQUE 5:
Insulin resistance in essential hypertension. NEngJMed 317:350—357,
1987
6. DEFRONZO R, FERRANNINI E: Insulin resistance. A multifaceted
syndrome responsible for NIDDM, obesity, hypertension, dyslipi-
demia, and atherosclerotic cardiovascular disease. Diabetes Care 14:
173—194, 1991
7. REAVEN GM: Hypertension as a disease of carbohydrate and lipopro-
tein metabolism. Am J Med 87 (6A):2S—5S, 1989
8. GAMBHIR KK, ARCHER JA, BRADLEY CJ: Insulin radioceptor assay for
human erythrocytes. Diabetes 27:701—708, 1978
9. GRIGORESCU F, WHITE MF, KAHN CR: Insulin binding and insulin-
dependent phosphorylation of the insulin receptor solubilized from
human erythrocytes. J Biol Chem 258:13708—13716, 1983
10. KURTZ A, JELKMANN W, BAUER C: Insulin stimulates erythroid colony
formation independently of erythropoietin. BrJ Haematol 53:311—316,
1983
11. D.&mu N, KRECZKO 5: Interactions of insulin, insulin-like growth
factor, and platelet-derived growth factor in erythropoietic culture.
J Clin Invest 76:1237—1242, 1985
12. WILSON C, PETERSON SW: Insulin receptor processing as a function of
erythrocyte age. J Biol Chem 261:2123—2128, 1986
13. CANESSA M, FABRY ME, Susui SM, MORGAN K, NAGEL RL:
Na F/H exchange is increased in sickle cell anemia and young normal
red cells. JMembrBiol 116:107—115, 1990
14. MOOLENAR WH: Effects of growth factors on intracellular pH regu-
lation. Ann Rev Physiol 48:363—376, 1986
15. VALLEGA G, CANESSA ML, BERK CB, BROCK TA, ALEXANDER RW: A
kinetic study of the vascular smooth muscle NaF/H± exchanger and its
activation by angiotensin II. Am J Physiol 254:C751—C758, 1988
16. MILLER RT, POLLOCK AS: Modification of the internal pH sensitivity
of the Na+/HF antiporter by parathyroid hormone in a cultured renal
cell line. J Biol Chem 262:9115—9120, 1985
17. MOORE RD: Effect of insulin upon ion transport. Biochim Biophys
Acta 737:1—49, 1983
18. MCDONALD JM, PERSHADSINGH HA, COLCA J: The role of calcium
and calmodulin in insulin receptor function in the adipocyte. Ann NY
Acad Sci 488:406—417, 1986
19. FARESE RV: Phospholipid signaling systems in insulin action. Am J
Med 85:36—43, 1988
20. CANESSA M: Kinetic properties of the human red blood cell Na'7H,
Na+/NaF, Na/Li' exchanges. Meth Enzymol 173:176—191, 1989
21. SEMPLICINI A, SPALVINS A, CANESSA M: Kinetics, stoichiometry and
transport modes of the human red cell NaF/HF exchanger. J Membr
Biol 107:219—228, 1989
22. ESCOBALES N, CANESSA M: Amiloride-sensitive Na transport in
human red cells: Evidence for NaF/H+ exchange system.JMembrBiol
90:21—28, 1986
23. LEATHERBARROW RJ: Enzfitter. A Non-Linear Regression Data Analysis
Program for the IBM PC. Amsterdam, Elsevier Science Publishers BV,
1987
24. ESCOBALES NE, CANESSA M: Ca2-activated Na fluxes in human red
blood cells: Amiloride-sensitivity.JBiolChem 260:11914—11923, 1985
25. DAVID-DUFIu-to M, MONTENAY-GARESTIER T, DEVYINCK MA: Fluo-
rescence measurements of free-Ca2 concentration in human eryth-
rocytes using the Ca2-indicator Fura-2. Cell Calcium 9:167—179, 1988
26. MITSUHASHI T, IvEs HE: Intracellular Cail requirement for activa-
tion of the Na/H exchanger in vascular smooth muscle cells. J Biol
Chem 263:8790—8795, 1988
27. Rossow PM: Phorbol esters and the regulation of Na/H exchange,
in Na/H Exchange, edited by GRINSTEIN 5, Boca Raton, CRC Press,
Inc., 1988, pp. 235—242
28. SARDET C, COUNILLON L, FRANCHI A, POUYSSEGUR J: Growth factors
induce phosphorylation of the Na/H antiporter, a glycoprotein of
110 KD. Science 247:723—726, 1990
29. PONTREMOLI R, RIVERA A, CANESSA M: Insulin and cytosolic Ca
modulate the human red cell Na/H exchanger. (abstract) Clin Res
39:192, 1991
30. COHEN P, HOLMES CFB, TSUKITANI Y: Okadaic acid: A new probe for
the study of cellular regulation. TIBS 15:98—102, 1990
31. KLH' A: Action of insulin on Na/H exchange, in Na7H' Exchange,
edited by GRINSTEIN 5, Boca Raton, CRC Press, Inc., 1988, pp.
285—306
32. KASUGA M, IzuMi T, TOBE K, SHIBA T, MOMOMURA K, TASHIRO-
HASHIMOTO Y, KADOWAKI T: Substrates for insulin receptor kinase.
Diabetes Care 13:317—326, 1990
33. TSE M, LEVINE 5, YUN C, BRANT 5, C0uNILL0N TL, POUYSSEGUR J:
Structure/function studies of the epithelial isoforms of the mammalian
Na17H exchanger gene family. J Membr Biol 135:93—108, 1993
34. MORGAN K, CANESSA M: Interactions of external and internal H and
Na with Na/Na and NaVHF exchange pathways. J Membr Biol
118:193—214, 1990
35. CANESSA M, ZERBINI G, LAFFEL LMB: Sodium activation kinetics of
red cell Na/Li countertransport in diabetes: Methodology and contro-
versy. JAm Soc Nephrol 3:S41—S49, 1992
36. SARDET C, FAFOURNOUX P, POUYSSEGUR J: o-Thrombin, EGF and
okadaic acid activate the Na/H exchanger, NHE-1, by phosphory-
lating a set of common sites. J Biol Chem 266:19166—19171, 1991
37. COOPER DR, KONDA TS, STANDAERT ML, DAVIS JS, POLLET RJ,
FARESE RV: Insulin increases membrane and cytosolic protein kinase
C activity in BC3H-1 myocytes. J Biol Chem 262:3633—3639, 1987
38. BIANCHININI L, WOODSIDE M, SARDET C, POYSSEGUR J, TAKAI A,
GRINSTEIN S: Okadaic acid, a phosphatase inhibitor, induces activa-
tion and phosphorylation of the Na+/HF antiport. J Biol Chem
266:15406—15413, 1991.
39. BORDIN L, CLARI G, BELLATO M, TESSARIN C, MORET V: Effect of
okadaic acid on membrane protein phosphorylation in human eryth-
rocytes. Biochem Biophys Res Comm 195:723—729, 1993
40. DAVIS RJ: The mitogen-activated protein kinase signal transduction
pathway. J Biol Chem 268:14553—14556, 1993
41. CANESSA M, FALKNER B, HULMAN 5: Red blood cell sodium-proton
exchange in hypertensive blacks with insulin-resistant glucose dis-
posal. Hypertension 22:204—213, 1993
